Data on percent tumors in male rats after administration of methyl eugenol, obtained from the National Toxicology Program, or tamoxifen were plotted on a linear scale for percent tumors against the dose on a logarithmic scale. Data on 32 P-postlabelled DNA adducts were plotted on the same graphs for each of these two compounds in order to correlate adduct formation and tumor incidence with dose. The resulting graph for methyl eugenol showed a linear response for both adduct formation and tumor incidence. The threshold dose of administered methyl eugenol for adduct formation (zero adducts) was 10 19.3 molecules of methyl eugenol/kg/day, which compared with a threshold of 10 20.1 molecules of methyl eugenol/kg/day for tumor formation; however, 30 adducts/10 8 nucleotides was the threshold for tumor formation. The dose of tamoxifen for adduct formation fit an exponential plot slightly better than a linear plot, but reached minimal values close to the threshold of 10 18.7 molecules of tamoxifen/kg/day for tumor formation. These data confirm that tumor formation coincides with adduct formation and that both have thresholds, or at least reach minimal values, above levels to which humans are exposed. Although the threshold dose for tumor formation from tamoxifen is only about 10؋ above the dose received by women at risk for breast cancer, this should be an adequate safety margin. The safety factor for methyl eugenol is several orders of magnitude; therefore, there should be no cause for concern for humans at current levels of exposure.
Methyl eugenol is a naturally occurring flavor in basil, allspice, nutmeg, and other edible plants. It also has been found to be carcinogenic in F344 male rats when given at high doses for a lifetime (NTP TR 491). A previous publication (Waddell, 2002 ) demonstrated a clear threshold for the carcinogenicity of methyl eugenol in rats that is orders of magnitude above the levels consumed by humans. Other data on DNA adduct formation in the site of tumors (liver) in rats have become available (Carmichael et al., 1999) ; however, a dose-response evaluation for adduct formation has not been published.
Tamoxifen is a synthetic "antiestrogen" that is in current clinical use in women for the treatment and prevention of breast cancer. Tamoxifen also has been shown to be carcinogenic in rats when given at high doses (Greaves et al., 1993) . Data also are available on DNA adduct formation in the site of tumors (liver) in rats (White et al., 1992) ; however, a doseresponse evaluation for adduct formation and tumor incidence in rats has been not been published.
This report evaluates the dose response for DNA adduct formation from methyl eugenol and compares that threshold with the carcinogenicity threshold and also with doses to which humans are exposed. The DNA adduct formation for tamoxifen is also compared with the carcinogenicity threshold for tamoxifen in rats and the dose of tamoxifen recommended for women who are at high risk for breast cancer.
MATERIALS AND METHODS
Threshold calculations and human exposure data on methyl eugenol were taken from a previous publication (Waddell, 2002) . DNA adduct data on methyl eugenol are 32 P-postlabelling data (Carmichael et al., 1999) ; these were plotted on the same graph prepared using SlideWrite software (Advanced Graphics Software, Inc., Encinitas, CA). The regression statistics were calculated by the SlideWrite software. Justifications for calculating thresholds based on a log-linear plot using the Rozman scale (Rozman et al., 1996) are provided in that (Waddell, 2002) and subsequent publications (Rozman, 2003; Waddell, 2003a,b,c,d; Waddell and Bates, 1969) . Dose-response calculations for tumor formation and DNA adduct formation from tamoxifen were prepared by the same SlideWrite software and on the same scale from data published by Greaves et al. (1993) and White et al. (1992) . The dose recommended for women at high risk for breast cancer of 20 mg per day (PDR, 2003) was converted to molecules/kg/day assuming a woman of 60 kg body weight and plotted on the same graph with the tamoxifen thresholds. Figure 1 shows DNA postlabelling adducts on the same graph previously published that presents tumor threshold data along with doses consumed by different categories of eaters.
RESULTS
1 To whom correspondence should be addressed at 14300 Rose Wycombe Lane, Prospect, KY 40059. Fax: (502) Details of consumption by categories of eaters can be found in the previous publication (Waddell, 2002 ). It appears that adduct formation begins at a dose to rats of about 10
19.3 molecules of methyl eugenol/kg/day. This is about one order of magnitude below the dose that produces tumors in rats. DNA adduct data had a slightly better fit when plotted on a linear scale (r ϭ 0.993) than when plotted on an exponential scale (r ϭ 0.990). Regardless of the shape of the dose-response curve for adduct formation, superimposing grids from SlideWrite software reveal that tumor formation did not begin until there were about 30 postlabelling adducts/10 8 nucleotides. Figure 2 shows the data for tumor and adduct formation from tamoxifen along with the recommended dosage for women at high risk for breast cancer. DNA adduct data had a slightly better fit when plotted on an exponential scale (r ϭ 0.988) than when plotted on a linear scale (r ϭ 0.985). Both the threshold with a linear plot and minimal values with the exponential plot coincide closely with the threshold for tumor formation; this corresponds to a dose of about 10 18.7 molecules of tamoxifen/day. This threshold for tumor formation is about 10ϫ higher than the dose recommended for high-risk women. The exponential curve shown in Figure 2 is the calculated best fit for the adduct data. It has a value of 5.73 postlabelling adducts/10 8 nucleotides (as calculated by the SlideWrite software) at the threshold for tumor formation (i.e., 10 18.7 ).
DISCUSSION
Direct comparison of DNA adduct formation with tumor incidence is obviously of great interest and has been attempted in numerous publications. However, to our knowledge, none of these publications has been able to correlate these two events with their thresholds. Previous publications (Rozman, 2003; Waddell, 2002; Waddell, 2003a,b,c,d; Waddell and Bates, 1969) have shown that a log scale for dose and a linear scale for quantal response is the only scale consistent with the fundamental laws of chemistry and that use of such a scale can readily reveal thresholds. The Rozman scale (Rozman et al., 1996) is ideal for this plot because, in addition to being log linear, it is continuous to one molecule and uses molecules instead of weight of chemical. Indeed, in this report, when data for DNA adduct formation were compared with tumor formation in rats, using this scale, there is a remarkable correlation between the thresholds for these events.
The calculations in this report suffer somewhat from not being done in the same experiment. Although the tumor incidence and adduct data from methyl eugenol were both determined in F-344 male rats, the tamoxifen data were obtained from F-344 female rats (adducts) and Wistar-derived rats (tumors). In addition, the length of treatment for the adduct data differed from the treatment duration for adducts. For example, the tamoxifen tumor data were obtained from a two-year carcinogenicity study (the first tumors being observed after 31 weeks of treatment in the top dose group), whereas the appearance of DNA adducts was measured over a seven-day dosing regime. Furthermore, 32 P-postlabelling may or may not be an accurate measure of actual adducts. Comparisons with direct analyses of adducts are planned in future reports.
Superimposing a vertical grid on Figure 1 revealed that tumor formation from methyl eugenol did not begin until there were about 30 adducts/10 8 nucleotides. This threshold for tumor formation compares with about 30 adducts/10 6 nucleotides found in B6C3F1 mice by Phillips et al. (1984) . However, the data are not firm because they are in different species and from different experiments. The same is true for the tamoxifen data and, although the DNA adducts fit an exponential plot better than a linear plot, minimal values of adducts coincide with the threshold for tumor formation. It appears that a dose to the animals of about 10 18.7 molecules/day of tamoxifen is
FIG. 2.
Open circles are percentage of Alderley Park Wistar-derived rats with hepatic neoplasms plotted against dose of tamoxifen in molecules/kg/day. Data are from Greaves et al. (1993) . Closed circles are DNA adducts in liver from tamoxifen plotted against dose of tamoxifen (White et al., 1992) . Also shown is the dose recommended for women at high risk for breast cancer (PDR, 2003) . 8 nucleotides are present. This would suggest that adducts below this value do not produce tumors. DNA repair is a remarkably efficient process; consequently, the thresholds seen in this report arise when those repair mechanisms are overwhelmed and tumor formation actually is seen.
Tumor formation from both methyl eugenol and tamoxifen appears to be linear with the logarithm of the dose. The data for DNA adduct formation, however, are not sufficient to distinguish between a linear response and an exponential response with the logarithm of the dose. In the case of methyl eugenol, a linear response gives a slightly better fit, but in the case of tamoxifen, an exponential response gives a slightly better fit. Resolution of this question awaits further data. In the event that DNA adducts do actually prove eventually to increase exponentially with the logarithm of the dose, our suggestion at this time is that adducts might follow a Hill-type equation. That is, as adducts form, the DNA molecule becomes more accessible to further adducts.
The publication by Carthew, P., Lee, P. N., Edwards, R. E., Heydon, R. T., Nolan, B. M., and Martin, E. A. (2001) . Cumulative exposure to tamoxifen: DNA adducts and liver cancer in the rat. Arch. Toxicol. 75:375-380 has just come to our attention. Those authors found that DNA adducts from tamoxifen below 180 postlabelling adducts per 10 8 nucleotides did not produce liver tumors in Wistar rats. The difference between that threshold and our calculated threshold of about 6 nucleotides per 10 8 nucleotides could be due to differences in strains of rats or dosing schedules. We apologize for overlooking this publication with which the present report is consistent and supportive.
